Plant acclimation to growth light environment has been studied extensively; however, the majority of these studies have focused on light intensity and photo-acclimation, with few studies exploring the impact of dynamic growth light on stomatal acclimation and behavior. To assess the impact of growth light regime on stomatal acclimation, we grew Arabidopsis (Arabidopsis thaliana) plants in three different lighting regimes (with the same average daily intensity), fluctuating with a fixed pattern of light, fluctuating with a randomized pattern of light (sinusoidal), and nonfluctuating (square wave), to assess the effect of light regime dynamics on gas exchange. We demonstrated that g s (stomatal conductance to water vapor) acclimation is influenced by both intensity and light pattern, modifying the stomatal kinetics at different times of the day and resulting in differences in the rapidity and magnitude of the g s response. We also describe and quantify the response to an internal signal that uncouples variation in A and g s over the majority of the diurnal period and represents 25% of the total diurnal g s . This g s response can be characterized by a Gaussian element and when incorporated into the widely used Ball-Berry model greatly improved the prediction of g s in a dynamic environment. From these findings, we conclude that acclimation of g s to growth light could be an important strategy for maintaining carbon fixation and overall plant water status and should be considered when inferring responses in the field from laboratory-based experiments.
Despite typically occupying only 0.3% to 5% of the leaf surface, stomata control ;95% of all gas exchange between the external environment and leaf interior, and it has been estimated that 60% of all precipitation that falls on terrestrial ecosystems is taken up by plants and transpired through stomatal pores (Morison, 2003; Katul et al., 2012) . With the global population continuing to rise and the need for increased crop yields, the excessive allocation of water to agriculture, currently sitting at ;70% to 90% of all globally available fresh water (Morison et al., 2008) , highlights the need for sustainable crops with higher water use efficiency and lower inputs of water.
Stomatal behavior regulates CO 2 uptake for photosynthesis and water loss via transpiration (which is also important for regulating leaf temperature). The balance between these two fluxes can be characterized by intrinsic water use efficiency (W i ), the ratio between CO 2 assimilation (A), and stomatal conductance to water vapor (g s ). Low g s can restrict CO 2 uptake into the leaf, thereby reducing A (Farquhar and Sharkey, 1982; Barradas et al., 1994; McAusland et al., 2016) , whereas high g s enables higher rates of A but at a greater cost of water loss via transpiration (Kirschbaum et al., 1988; Tinoco-Ojanguren and Pearcy, 1993; Jones, 1998; Lawson et al., 2010; Lawson and Blatt, 2014) . To maintain an optimal balance between A and g s , stomata continually adjust aperture to external environmental cues (e.g. photosynthetic photon flux density [PPFD] ) and internal signals, which can include hormonal (e.g. abscisic acid [ABA] ; Mencuccini et al., 2000; Tallman, 2004) , circadian (Gorton et al., 1989 (Gorton et al., , 1993 Dodd et al., 2005; Hubbard and Webb, 2015; Hassidim et al., 2017) , and/or a currently unidentified mesophyll signal (Lee and Bowling, 1992; Mott et al., 2008; Fujita et al., 2013; Matthews et al., 2017) . Many studies have reported a strong correlation between A and g s (Wong et al., 1979) , and it has been theorized that synchronicity exists to optimize the trade-off between photosynthesis and water loss (Buckley, 2017) . However, this synchronicity is often constrained by the temporal stomatal response (Lawson and Blatt, 2014) , that is the speed at which stomata open and close to changing environmental cues, such as those experienced in a dynamic field environment (Jones, 2013; Lawson et al., 2010; McAusland et al., 2016; Vialet-Chabrand et al., 2017a) . Stomatal responses to changing environmental cues are often an order of magnitude slower than those observed in A (Tinoco-Ojanguren and Pearcy, 1993; Lawson et al., 2010; McAusland et al., 2016) , resulting in lags in stomatal behavior and a temporal disconnect between A and g s , with implications for water use efficiency and crop productivity (Lawson et al., 2010; Lawson and Blatt, 2014; McAusland et al., 2013 McAusland et al., , 2016 . The close relationship between A and g s has often been reported under steady-state conditions and has been used by many models to predict diurnal time courses of g s (Damour et al., 2010) , such as the widely used BallBerry model (Ball et al., 1987) and its derivatives. The use of steady-state models under fluctuating environmental conditions can lead to inaccurate predictions of the diurnal response of g s , as these models do not really take into account the slow temporal response of stomata (Vialet-Chabrand et al., 2013 Matthews et al., 2017) . Moreover, the lack in temporal synchronicity between A and g s that cannot be predicted by these models has important implications for carbon gain and water use when integrated over the diurnal period and/or entire growing season. Furthermore, as measurements of g s in the field are highly variable, they correlate poorly with those measured under steady state conditions in the laboratory (Poorter et al., 2016; Vialet-Chabrand et al., 2017a) , which are often taken in the middle of the day to maximize A and g s . In addition to the temporal responses outlined above, diurnal variation in sensitivity and temporal kinetics to various stimuli have been reported for both stomatal behavior and photosynthesis. For example, there is evidence to suggest that the rapidity of stomatal responses may change at different times of day (Mencuccini et al., 2000; Tallman, 2004) . Additionally, changes in g s to fluctuations in water status have been shown to restrict A depending on the time of day, and stomata have been reported to be more responsive to ABA in the morning compared with the afternoon (Mencuccini et al., 2000) . It has been recognized that the circadian clock at least in part controls these diurnal modifications in A and g s responses over the diurnal period (Dodd et al., 2005; Hassidim et al., 2017) , through regulating the temporal patterns of transcription in photosynthesis, stomatal opening, and other physiological processes (Gorton et al., 1989 (Gorton et al., , 1993 Hubbard and Webb, 2015) . Phase adjustment of the circadian clock to environmental cues such as light or temperature is fundamental for synchronizing plant biological processes with growth environment (Yin and Johnson, 2000; Resco de Dios et al., 2016) , which is important for photosynthesis and plant growth (Dodd et al., 2005; Caldeira et al., 2014) . However, there is also evidence, in Arabidopsis, that endogenous signals such as accumulated photosynthates provide feedback mechanisms that regulate the clock phase, and that these are essential for regulating carbon metabolism in dynamic light environments (Seki et al., 2017; Resco de Dios et al., 2016; Ohara and Satake, 2017; Haydon et al., 2017) . Although the mechanism(s) behind diurnal regulation of A and g s and the impact on water use efficiency are not fully understood, these studies highlight the need for a greater understanding of the impact of temporal stomatal response over the entire diurnal period, as these will have important implications for cumulative A and water loss as well as model predictions.
The speed and magnitude of the temporal response of g s is known to vary between species (McAusland et al., 2016) , although little is known about how growth light conditions may affect stomatal responses at different times of the day. In the natural environment, the response of A and g s is dominated by PPFD (Pearcy, 1990; Way and Pearcy, 2012) , which varies temporally over the course of seconds, minutes, days, and seasons (Assmann and Wang, 2001) due to changes in cloud cover, sun angle, and shading from neighboring leaves and plants (Pearcy, 1990; Chazdon and Pearcy, 1991; Way and Pearcy, 2012) . Leaves therefore experience short-and long-term fluctuations in light (sun/shade flecks) to which g s and A respond. Although it is well established that photosynthesis and to some extent stomatal behavior (including g s kinetics) acclimate to growth PPFD intensity, we have recently demonstrated that photosynthesis acclimates to the pattern of growth irradiance as well as intensity (Vialet-Chabrand et al., 2017b) , with fluctuating light having a large impact on photosynthetic performance (Külheim et al., 2002; Alter et al., 2012; Suorsa et al., 2012; Kromdijk et al., 2016; Yamori 2016; Kaiser et al., 2016 Kaiser et al., , 2017a Vialet-Chabrand et al., 2017b) . Additionally, a recent study by Kaiser et al. (2017b) demonstrated that leaf gas exchange acclimates to light flecks; however, as growth light was kept constant this study focused on dynamic acclimation of photosynthesis. It is not currently known if fluctuations in light impact stomatal acclimation (as well as A) and potentially influence the magnitude and temporal dynamics of g s and A over the diurnal period. To assess the influence of dynamic light on temporal kinetics and diurnal responses of g s and A, we compared gas exchange in Arabidopsis plants (Col-0) grown under dynamic light that mimics the field environment, with plants grown under square wave light regimes, representative of laboratory growth conditions. We used controlled growth light environments to acclimate plants to different light regimes, while maintaining the same time integrated daily light intensity. Plants were grown under three light regimesfluctuating with a fixed pattern of light, fluctuating with a randomized pattern of light (sinusoidal), and nonfluctuating (square wave)-to assess the effect of light pattern on gas exchange. Two different average light intensities (high and low) were used to separate the effect of light intensity from light pattern on stomatal acclimation and response.
To evaluate the impact of g s acclimation to growth light conditions, we assessed the response of g s to a step change in light as well as the diurnal response of g s under constant light. This allowed us to quantify the periodicity, magnitude, and rapidity of the response of g s and determine if these processes significantly impact stomatal behavior over the course of the day. To separate the response of g s from environmental/external and nonenvironmental/internal signals, gas exchange measurements of A and g s were captured over a 12-h period under a constant square wave light regime. As a result, any variation in the response of g s will be due to the acclimatory response of internal signals to the pattern of growth light. When used in conjunction with current steady-state models of g s , a better understanding of the g s response to internal signals could greatly improve their predictive power. Our approach for quantifying the diurnal response of g s could prove useful for rapidly quantifying the influence of circadian or diurnal elements relative to external signals in a dynamic environment. Fig. 1A) , g s (Fig. 1B) , and W i (Fig. 1C ) measured continuously over the diurnal period. When integrated over the entire diurnal period, A was higher in SQH grown plants compared to FLH and significantly higher (posthoc Tukey, P , 0.05) in SQH-compared to SNH-grown plants (Fig. 1A) , although there was no difference between plants under low-light treatments. After ;5 h into the light regime, A started to decrease in all high-light-grown plants, and this decrease continued to the end of the light period (Fig. 1A) . In all low-light treatments, a continuous slow decrease in A was observed throughout the entire diurnal light period. In all growth light treatments, g s responses were not coordinated with A and displayed a Gaussian pattern of response (Fig. 1B) , while A displayed a more square wave response (Fig. 1A) . FLH-, SQH-, and SNH-grown plants displayed similar patterns of g s but differed in the maximum g s achieved and the time at which peak g s occurred over the diurnal period. Initial levels of g s ;1 h after the light was turned on were comparable between all treatments dependent on light intensity, while maximum values of g s in all treatments were reached ;4.5 to 6 h into the diurnal period (Fig. 1B) (Fig. 1B) . W i was greater in SQH-grown plants compared to FL and SN treatments across the entire diurnal light period, in both high-and low-lightgrown plants measured under their respective light intensities (Fig. 1C) . When integrated over the entire diurnal period, W i was significantly higher (P , 0.05) in SQH compared to SNH grown plants (data not shown). In high-light treatments, W i remained relatively constant between morning and evening, assisted by the fact that the decrease in A toward the end of the day was accompanied by a decrease in g s . In low-light treatments, W i decreased through the day driven by the continuous slow decrease in A. All six treatments experienced a drop in W i at midday due to the increase of g s at this time, with little or no change in A (Fig. 1C) . The temporal response of g s to external and internal cues was modeled using an exponential equation (Eq. 2; see "Materials and Methods"). To further characterize the importance of the Gaussian response of g s relative to the diurnal variation, we used a descriptive model to dissect the data into parameters that relate to variation of the leaf internal signals. Using this model, we separated the Gaussian element of the diurnal response of g s from the response to change in light intensity ( Fig. 2A) , and determined the percentage of Gaussian driven g s (R sin , Fig. 2B ), the time at which peak g s occurs (Tm sin , Fig. 2C ), the width of the peak (Ts sin , Fig. 2D) , and magnitude (G sin , Fig. 2E ). Significant differences in R sin (Fig. 2B) were observed between plants grown under different light regimes (posthoc Tukey, P , 0.05), with the lowest values ;16% observed in SQL grown plants and the highest ;30% in SNL. When the results were grouped according to light regime (not divided into intensity), a significant difference in the proportion of the Gaussian-driven g s response was observed between SQ-and SN-grown plants (posthoc Tukey, P , 0.05), with SQ (;17%) lower than both FL (;21%) and SN (25%) treatments (Fig. 2B ). There was no significant difference in the time at which peak g s occurred (Tm sin ) between treatments irrespective of light intensity and treatment (Fig. 2C) , except for SNH that took ;1 h longer to reach a maximum value of g s than all other treatments. Although there was a noticeable trend of FL treatments having lower values of Ts sin than SN (irrespective of light intensity; Fig. 2D ), no significant differences were observed; however, Ts sin was significantly lower in FL (;2.1 h) than SN (;2.35 h) when grouped by light regime (posthoc Tukey, P , 0.05; Fig. 2D ). Large variation in the magnitude of the Gaussian element (G sin ; Fig. 2E 
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Response of g s and A to a Step Change in PPFD as a Function of Time of Day
To assess the impact of growth light regimes on stomatal responses, leaves were subjected to a step increase in PPFD (100-1,000 mmol m 22 s
21
) followed by a step decrease (1,000-100 mmol m 22 s 21 ), and the effect on A and g s measured using gas exchange. In the morning period (8-10 AM), both high and low intensity fluctuating light treatments (FLH; Fig. 3A Fig. S1A ) failed to reach a new plateau of g s within this timeframe. In the midday (1-3 PM) and evening (6-8 PM) measurements, g s reached a plateau in all light treatments (high, Fig. 3A ; low, Supplemental Fig. S1A ) within 90 min. Following the increase in PPFD to 1,000 mmol m 22 s 21 , a near instantaneous increase in A was observed in contrast with the slow initial increase in g s in all treatments and at all times of day ( Fig. 3B ; Supplemental Fig. S1B ). In all treatments and three measurement times, g s continued to increase during the measurement period despite the fact that A had reached near steady-state levels. Although all treatments displayed a predominantly uncoordinated A and g s temporal response, final values of A and g s were strongly correlated, especially in the morning where FLH exhibited the highest levels of operational maximum g s and A, while SQH displayed the lowest values in each category (Fig. 3, A and B) . W i , measured as A/g s , increased over the day in FL-grown plants (Fig. 3C) , predominantly driven by the decrease in g s values over this period (Fig. 3A) . W i measured in SQ-and SN-grown plants changed little between morning and evening, although SQ-grown plants always exhibited higher values than SN plants. W i values were higher in the morning for SQ-and SN-grown plants compared to FL treatments irrespective of light intensity ( Fig. 3C ; Supplemental Fig. S1C ), driven largely by the lower g s values (Fig. 3A) . In the evening, the inverse was evident with FL treatments displaying higher levels of W i , driven by the higher A values in FLH-grown plants (Fig. 3B ) and the lower final g s values in FLL-grown plants (Supplemental Fig. S1A ). In all treatments, final values of g s decreased through the day (morning to Fig. S2 ), which correlated strongly with the final values of g s at 1,000 PPFD (Fig. 3A) . In the evening period, final values of g s were comparable between all treatments (Supplemental Fig. S2 ).
Speed of g s Response to a Step Change in PPFD
Stomatal responses to a step increase in PPFD were used to determine the influence of acclimation to growth light regime and intensity on the speed of g s response at different times of the day. Time constants for stomatal opening (t i , Fig. 4A ) in response to a step increase in light were significantly lower (posthoc Tukey, P , 0.05) in SNH-grown plants compared with FLH-and SQH-grown plants when measured in the morning. The slower responses observed in the FLHand SQH-grown plants remained at the midday measurement period; however, t i dropped significantly (P , 0.05) in the evening measurements in both FLH and SQH, indicating a faster response similar to that observed for SNH throughout the day. In low-light treatments, t i was significantly faster in SNL-grown plants (P , 0.05) compared to FLL and SQL at all times of day (Supplemental Fig. S3A ), with time constants decreasing at midday in all treatments before returning in the evening to levels comparable to the morning. In contrast to stomatal opening, time constants for stomatal closure (t d ) significantly increased (posthoc Tukey, P , 0.05) through the day (morning to evening) in all FL and SN treatments irrespective of light intensity ( Fig. 4B; Supplemental Fig. S3B ), although stomata of SN-grown plants closed in a significantly shorter time (posthoc Tukey, P , 0.05) than FL at all times of day. The t d was maintained at all times of day in SQ-grown plants irrespective of light intensity, while in both FL and SN treatments t d significantly increased (P , 0.05) from morning to evening. In general, stomatal closure was much slower in plants grown under FL than in SN and SQ, with SN g s responses slower than SQ in the evening.
The time constant for light saturated rate of carbon assimilation at 1,000 mmol m 22 s 21 PPFD (t ai , Fig. 4C ; Supplemental Fig. S3C ) was determined from the temporal response data (Fig. 3) , along with final values of g s at 1,000 PPFD for stomatal opening (G i , Fig. 4D ; Supplemental Fig. S3D) , stomatal closure (G d , Fig. 4E ; Supplemental Fig. S3E ), and saturated rates of A at 1,000 PPFD (A i , Fig. 4F; Supplemental Fig. S3F ). Net CO 2 assimilation was deemed saturated at 1,000 PPFD from analysis of light response curves on the same plants (see Vialet-Chabrand et al., 2017b) . Time constants for light saturated A (t ai , Fig. 4C ) were significantly higher (posthoc Tukey, P , 0.05) in SNH compared to SQH and FLH at morning and midday, while in the evening t ai was significantly higher (P , 0.05) in FLH. In low-light treatments (Supplemental Fig. S3C ), t ai significantly decreased (P , 0.05) from morning to midday in SQL and SNL, and significantly decreased (P , 0.05) in all low-light treatments from midday to evening. The final g s at 1,000 mmol m 22 s 21 (G i , Fig. 4D ; Supplemental Fig. S3D) , and following closure when light was reduced from 1,000 to 100 mmol m 22 s 21 (G d , Fig. 4E ; Supplemental Fig. S3E ) differed significantly through the day. Final g s at 1,000 PPFD (G i ) decreased significantly (P , 0.05) from morning to evening in FLH-grown plants (;0.46 to 0.25 mol m 22 s
21
, respectively; Fig. 4D ), whereas SQH and SNH treatments remained constant throughout the day, displaying a trend of increased G i at midday. All Fig. S3D) . Final values of g s at 100 PPFD (G d ; Fig. 4E; Supplemental Fig. S3E ) displayed similar trends to that of G i in all treatments, irrespective of light intensity. G d significantly decreased (P , 0.05) from morning to evening in FLHgrown plants (;0.27 to 0.11 mol m 22 s 21 ; Fig. 4E ), though remained constant in SQH and SNH treatments at all times of day. In all low-light treatments, G d significantly decreased (P , 0.05) from morning to evening (Supplemental Fig. S3E) Supplemental Fig. S3E ). Saturated rates of A at 1,000 PPFD (A i ; Fig. 4F ; Supplemental Fig. S3F ) remained constant from morning to midday in all treatments, irrespective of light intensity. In all light treatments, there was a decrease in A i from midday to evening, although this was significant only in SNH and SQL treatments (posthoc Tukey, P , 0.05). A strong correlation was observed in all treatments between the final value of g s (G i ) and A (A i ) ,1,000 mmol m 22 s 21 PPFD. With regard to stomatal anatomy, significant differences in stomatal density were observed between plants grown under high and low-light intensity, though no difference was observed between plants grown under the different patterns of growth light of the same average intensity (data not shown).
Impact of Diurnal Stomatal Behavior on Predictive Models of g s in a Dynamic Environment
The Ball-Berry model (Ball et al., 1987) is widely used in the literature as a basis for predicting g s across leaf and global scales (Damour et al., 2010) . Based on our findings and having quantified and established the significance of g s response over the diurnal period, we investigated whether adding a time of day effect (Gaussian element) to the Ball-Berry model would improve predictive power and model fit when endeavoring to predict g s under different light regimes and intensities. To exemplify the improvements in predictive power, and display an example of the fit of the two models (with and without the Gaussian element), we used a completely independent data set ( Fig. 5A) , measured under a dynamic light environment previously described in Vialet-Chabrand et al. (2017b) . By adding a Gaussian element into the Ball-Berry model, our model exhibited improvements in the prediction of g s at all times of day, especially at periods of high and low light where the original Ball-Berry model failed to accurately predict the full range of variation in the data (Fig. 5A ). Figure 5 shows the difference between measured and predicted g s values using the Ball-Berry model without (Fig. 5B) and with (Fig. 5C ) a Gaussian element. We observed that under all light conditions the best model fit was always that with the addition of the Gaussian element. R 2 of the relationship between observed and predicted data increased by over 10% (0.837 to 0.941, respectively), and rmse was improved by ;40% (0.0527 to 0.0317, respectively), indicating a significant improvement in predictive power. This indicates that although the Ball-Berry model and its derivatives have the ability to predict g s under different light regimes, the addition of a Gaussian element significantly improves performance, especially under a dynamic light environment.
DISCUSSION
It is well established that plants acclimate to growth light intensity by altering leaf anatomy and biochemistry as well as physiology (Givnish, 1988; Walters and Horton, 1994; Weston et al., 2000; Bailey et al., 2001 Bailey et al., , 2004 . However, few studies have focused on stomatal acclimation to the pattern of growth light. Although in a recent study we reported photosynthesis and to some extent stomatal conductance acclimate to the pattern and intensity of growth irradiance (Vialet-Chabrand et al., 2017b), this study did not examine how acclimation to fluctuating growth light influences the magnitude and temporal dynamics of g s over the diurnal period. Here we demonstrate the impact of fluctuating growth lighting regimes on stomatal behavior and show an acclimation of the rapidity and magnitude of stomatal responses over the day. Additionally, we report a previously undescribed internally driven diurnal signal (referred to as the internal signal) that uncouples g s from A, the magnitude and shape of which were modified by both light intensity and light pattern.
Effect of Acclimation to Growth Light on Stomatal Kinetics
Similar to previously published work (Gay and Hurd, 1975; Lake et al., 2001) , our results showed anatomical stomatal acclimation to light intensity, with significantly higher stomatal density under high light. However, as we found no change in stomatal density between growth treatments of the same intensity, the physiological differences observed and reported here are the result of alterations to guard cell biochemistry, sensitivity, or signaling.
Both the rapidity and magnitude of g s responses to a step change in PPFD were influenced by growth light regimes, and this was particularly evident at the start of the day. Plants grown under dynamic (fluctuating and sinusoidal) high light showed a faster response and in general a greater magnitude of change; however, these differences in stomatal responses diminished throughout the day. This has also been described previously by Mencuccini et al. (2000) , but not in the context of light acclimation. These authors used detached leaves and pressurized them to simulate different levels of leaf water status, and hypothesized that the magnitude of g s responses observed at different times of the day were driven by changes in the osmotic regulation that altered stomatal aperture. Others have also described a reduction in the magnitude of the g s response through time (Pfitsch and Pearcy, 1989; Allen and Pearcy, 2000) ; however, faster responses toward the end of the day were not reported. In contrast to opening, a slower closing response was observed in plants grown under dynamic light, with slower time constants for closure in the evening compared to the morning. This strategy was described previously by Ooba and Takahashi (2003) , and it is believed to improve light use efficiency by maintaining open stomata under fluctuating light, reducing the limitation of A by g s . This may also represent a more conservative strategy in energy (e.g. cost of stomatal movements; Raven, 2014) under fluctuating light regimes.
The decrease over the course of the day in the absolute values of both A and g s (observed in both the measurements following the step increase in light and over the diurnal period) could be attributed to the accumulation of photosynthetic products, resulting in a negative feedback on the Calvin cycle (Paul and Foyer, 2001; Paul and Pellny, 2003) , or an increase in apoplastic Suc that accumulates in the guard cells, regulated by the rate of transpiration (Lu et al., 1997; Outlaw 2003; Kang et al., 2007; Kelly et al., 2013; Daloso et al., 2016) . However, no significant acclimation of the slow decrease in A and g s through the day by growth light intensity and pattern was observed in this experiment.
The acclimation of the rapidity of g s response was sensitive to light intensity as well as pattern. Previous studies in forest (Pearcy, 2007) and crop canopies (Barradas et al., 1994; Qu et al., 2016 ) have reported stomatal acclimation to different light environments with leaves at different heights or positions within the canopy receiving varying degrees of light intensity (Barradas et al., 1998) , resulting in different anatomical and biochemical features (Givnish, 1988; Pearcy, 2007) . In general, under lower light maximum g s throughout the day is reduced and the speed of the g s response is dependent on species and growth environment (Allen and Pearcy, 2000; Ooba and Takahashi, 2003; Vico et al., 2011; Drake et al., 2013; Vialet-Chabrand et al., 2013 McAusland et al., 2016) . However, to date no study has clearly identified the environmental impact on the rapidity of g s response. Here, we quantify for the first time the impact of growth light on the acclimation of the rapidity of the g s response at different times of the day. Our results reveal that estimates of the rapidity of g s will depend on the microenvironment experienced by the chosen leaf and the time at which the measurement is captured.
As stomatal responses to changing light are an order of magnitude slower than photosynthetic responses (Jones, 1998 (Jones, , 2013 Lawson et al., 2010) , slower stomata can limit CO 2 diffusion for A (Barradas et al., 1998; Kaiser and Kappen, 2000; McAusland et al., 2016; VialetChabrand et al., 2017a; Vico et al., 2011) , while higher g s can be at the expense of W i . The different growth light regimes clearly elicited different acclimation responses, with plants grown under fluctuating light regimes showing the greatest variation in W i throughout the day as observed in the light step measurements. W i was lowest in the morning in plants grown under fluctuating light and increased toward the evening. A possible explanation for this could be that although these plants receive the same amount of light as the other treatments throughout the day, the majority of this light was delivered earlier in the day. This suggests that the pattern of light distribution leads to an acclimation that will determine the kinetics and magnitude of the g s response at different times of day. Although the stomatal acclimation described here in plants subjected to fluctuating light may show a reduction in the efficiency of water use earlier in the day, it may be important for light utilization of sun/ shade flecks for photosynthesis, as previously shown by Vialet-Chabrand et al. (2017b) when these plants were measured under their growth light regime. The variation in W i over the diurnal period may represent a more conservative strategy that potentially balances CO 2 uptake and water loss over the diurnal period to optimize the current needs at the whole plant level (Meinzer and Grantz, 1990 ).
Effect of Growth Light Acclimation and the Internal Signal on Diurnal Responses
Diurnal gas exchange under constant light revealed an internally driven diurnal g s response that was not only disconnected from A, but also strongly influenced by the patterns of growth light regime and to a smaller extent the average light intensity. The importance of the internal g s response over the diurnal period was unexpected, with ;25% of the total daily g s driven by this signal. This diurnal stomatal response could be considered detrimental, as significant water is lost for no extra carbon gain; however, it may also play a valuable role in translocation of photosynthates, nutrient uptake, and/or maintenance of optimal leaf temperature through transpirational cooling (Caird et al., 2007; Hills et al., 2012) . Although measured under constant light, all plants showed a characteristic sinusoidal pattern of response of g s over the diurnal period similar to that reported by Dodd et al. (2005) . What is novel and intriguing about these findings is that g s was not only partially uncoupled from A over a substantial part of the day, but that the characteristics (magnitude and period) of this internal g s response are acclimating to the growth light intensity and the pattern of the lighting regime.
Previous reports have suggested that such oscillations in g s are entrained by circadian rhythms (Dodd et al., 2004; Hubbard and Webb, 2015; Resco de Dios et al., 2016; Hassidim et al., 2017) . However, characterization of this response as circadian would require continuous measurements over multiple days (3+ days) in a constant lowlight environment to establish if the rhythm persists in each theoretical diurnal time period (Dodd et al., 2005) . It is well established that regulation of temporal transcription patterns by the circadian clock play an important role in rhythms of photosynthesis and stomatal opening (Dodd et al., 2004 (Dodd et al., , 2005 Hubbard and Webb, 2015; Hassidim et al., 2017) , although the pathways and signals that lead to this diurnal behavior in g s are still largely unknown. Some hypotheses involving ABA concentration (Mencuccini et al., 2000; Tallman, 2004) and the level of Suc and calcium signaling (Dodd et al., 2006; Haydon et al., 2017) have been put forward to explain internally driven diurnal variations in g s .
Quantifying the impact of growth environment and acclimation on these patterns and physiological responses under environmentally relevant conditions is extremely difficult. To address this, we built a diurnal model of g s that allowed us to quantify this internal signal as well as the influence of lighting regimes on the magnitude and periodicity. This model was accurate (R 2 0.99) at describing the response of g s , and the parameters derived from this model allowed us to quantify the relative importance of the internal signal on g s . Plants grown under dynamic light regimes showed a higher magnitude of g s response under constant light conditions, which highlights the importance of growth light pattern on the acclimation of this internal signal. Interestingly, the duration of the g s response to the internal signal was also dependent on growth light regime. These large changes in g s over the course of the day represent a significant loss in water with little variation in CO 2 assimilation over the same period, resulting in significantly reduced plant W i . This emphasizes the importance of the growth light regime as it potentially influences the regulation of g s by an internal signal that may be under the control of the circadian clock and alters g s over the course of the day.
Implications of the Internal Signal on the Ball-Berry Model
Our results revealed that diurnal stomatal behavior is influenced by the pattern and intensity of growth light, but this is often ignored in current steady-state models of g s (Damour et al., 2010) . Here, we demonstrate that the addition of an equation describing the internal signal to the widely used Ball-Berry model (Ball et al., 1987) greatly improves the predictive power of the model. Using this new model and an independent data set (Vialet-Chabrand et al., 2017b) measured under a dynamic environment, we showed improvements in both the R 2 (;10%) and a reduction in the error (rmse; ;40%) between observed and predicted data, highlighting the importance of this process under dynamic fluctuating light. Although integration of a diurnal signal to the Ball-Berry model was first attempted by Resco de Dios et al. (2016) and also showed an improvement in the prediction of g s , here, we provide a more precise validation of our model with higher time resolution that enables us to capture rapid variations under fluctuating light regimes. The unexplained variance by the new model may be due to changes in the rapidity and magnitude of stomatal response at different times of the day, as we have shown experimentally here, but could not be integrated due to the steady-state nature of the Ball-Berry model. To further improve model predictions, a dynamic model that can integrate our findings will be required that not only includes the diurnal/circadian regulation of g s but altered g s kinetics at different times of day.
CONCLUSION
In this study, we directly examined the impact of dynamic growth light regimes on stomatal acclimation and diurnal behavior. We have demonstrated that growth light environment modifies stomatal kinetics at different times of the day, resulting in differences in the rapidity and magnitude of this response. Importantly, we also describe and quantify the response to an internal signal that uncouples A and g s over the majority of the diurnal period, with characteristics that are modified by growth light environment. The importance of this signal on diurnal g s kinetics is demonstrated by the inclusion of the Gaussian element describing the internal signal, which greatly improves the prediction of g s from the widely used Ball-Berry model.
Our quantification of the components of the diurnal kinetic of g s (response to light, gradual temporal decrease, and Gaussian element) provides an invaluable tool for assessing diurnal patterns of stomatal behavior, as well as the effect of the circadian clock. A dynamic model of g s that includes these components will be able to describe the contribution of each element to the diurnal response of g s , even under a dynamic environment such as that experienced by plants in the field. This has been illustrated by the improvement in predicted g s from plants acclimated to different light environments and measured under dynamic regimes.
Acclimation of the rapidity and response of g s to the internal signal appears to be determined by both the intensity and pattern of growth light, and is an important strategy for maintaining carbon fixation and overall plant water status by conditioning the plant to respond appropriately to future diurnal variations in light.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Fluctuating and square wave light growth conditions were delivered via a Heliospectra L4A LED light source. Fluctuating light regime (FL High ) was recreated from a natural light regime recorded at the University of Essex during a relatively clear day in July ( Fig. 1; with 
Simulating Daily Light Fluctuations for Sinusoidal Growth Light Regime
The sinusoidal light regime was simulated using a specific algorithm including a sinusoidal variation with random alterations constrained to maintain the daily amount of light intensity (PPFD) constant during the growth. The sinusoidal variation as a function of time (t) was obtained by:
where a is the maximum PPFD reached during the peak, b is the time at which the peak is reached, and c a parameter related to the width of the peak. The value of a was arbitrarily set to 1,000 for convenience as the whole curve is rescaled at the final step of the algorithm. Values of b and c were set to 7 and 13, respectively.
A random number of decreases in light intensity at different times throughout the diurnal period were then added, and ranged between 0 and 80% of the original light level. This guaranteed a minimum light intensity that mimics the daily variation of diffuse light intensity.
The final step was to scale the curve to obtain an average light intensity of 460 mmol m 22 s 21 for the sinusoidal high-light treatment (SN High ) and 230 mmol m 22 s 21 for the sinusoidal low-light treatment (SN Low ) as used in the other growth light regimes described previously. The same process was repeated for the number of days required and was then programmed into the Heliospectra lights. The first 5 d simulated are shown in Supplemental Figure S4 , highlighting that each day had a unique pattern of light intensity, mimicking a natural light environment.
Leaf Gas Exchange
All gas exchange (A and g s ) parameters were recorded using a Li-Cor 6400XT portable gas exchange system, with light delivered via a Li-Cor 6400-40 fluorometer head unit. For all gas exchange measurements, a constant flow rate was set at 300 mmol s 21 , with cuvette conditions maintained at a CO 2 concentration of 400 mmol mol 21 , a leaf temperature of 25°C (unless otherwise stated), and to maintain a leaf to air water vapor pressure deficit of 1 (60.2) kPa, the system was connected to a Li-Cor 610 portable dew point generator. All measurements were taken using the youngest, fully expanded leaf. Intrinsic water use efficiency was calculated as W i = A/g s .
Measurements and Modeling of Diurnal Stomatal Conductance under Constant Light Environment
On the day of measurement, plants were removed from the growth chamber prior to the initiation of the diurnal regime of light. Leaves were placed in the Li-Cor cuvette (for conditions see above) in darkness, and both A and g s were allowed to stabilize for a minimum of 15 to 30 min. After A and g s were at steady state for at least 5 min (,2% change over this time period), the automatic 12-h light programs (SQ High and SQ Low ) were started, with A and g s recorded every 2 min.
The temporal response of g s to external and internal cues was modeled using an exponential equation:
where G represents the steady-state target of g s and tthe time constant to reach 63% of G. Due to the asymmetry of response during a step increase or decrease in light intensity, a different value of twas used in each condition (t i and t d ).
The steady-state target (G) was calculated as the sum of three processes: the decrease of g s through the diurnal period (D), the bell shape variation of g s through the diurnal period (S), and the response of g s to light intensity variation (G 1 , G 2 , G 3 ).
Before and after the lighted period, G was set to G 1 and G 3 , respectively, two values representing the steady-state g s at the end and beginning of the dark period (gray area in Fig. 1 ). During the lighted period, G was set to G 2 þ D þ S , assuming that the internal cues were activated by light.
The decrease of g s (D) as a function of time (t) was modeled using an exponential function constrained over the lighted portion of the diurnal period (between t on and t off ): 
where G sl is the steady-state target of the decrease in g s andt sl the time constant to reach 63% of G sl . The bell shape variation of g s (S) as a function of time (t) was modeled using a Gaussian function:
where G sin is the maximum g s reached during the peak, Tm sin the time at the center of the peak, and Ts sin a parameter related to the width of the peak. On each parameter, a one-way ANOVA with light treatment as factor was applied with a Tukey's posthoc test for comparing group means. Statistics were conducted using R statistical software (version 3.2.4). This model was implemented using the stan language and adjusted on the observation using R (www.r-project.org) and the RStan package (http://mc-stan.org/users/interfaces/rstan). For each diurnal curve of g s measured, the model was adjusted using three chains starting with different parameter sets. No divergent transitions were observed, meaning that the simulations can be trusted, and Rhat values were all ;1, meaning that all three chains converged (Carpenter et al., 2016) .
Temporal Response of A and g s
For the step change in light, leaves were placed in the Li-Cor cuvette (for conditions, see above) and equilibrated at a PPFD of 100 mmol m 22 s 21 until both A and g s were at steady state. Steady state in this case was defined as less than a 2% change of the given parameter over a 10-min period (this would take ;20-60 min). Once at steady state, PPFD was increased to 1,000 mmol m 22 s 21 for 1.5 h before returning to 100 mmol m 22 s 21 for an additional 1 h. A and g s were recorded every 20 s. For measurements at the different times of day (morning, midday, and evening), plants were removed from the growth chamber at 8 AM, 1 PM, and 6 PM, and the increase in PPFD from 100 to 1,000 mmol m 22 s 21 was initiated at ;9 AM, 2 PM, and 7 PM, respectively. To prevent previous step changes in light (e.g. morning) having an effect on the response to step changes later in the day (e.g. midday), individual leaves that were subjected to a step change in light were not subjected to another measurement until the following day.
Modeling Rapidity of the Stomatal Conductance Response
The rapidity of the stomatal response following a step change in light intensity was assessed as a function of time (t) using a custom exponential equation including a slow linear increase of the steady-state target (G):
where S l is the slope of the slow linear increase of G observed during the response, g 0 the initial value of g s , andtthe time constant to reach 63% of G (when t ¼ t, g s 2 g 0 ððGþSl tÞ 2 g 0 Þ ¼ 1 2 e 2 1 ;0:63). Due to the asymmetry of response during a step increase or decrease in light intensity, a different value oftwas used in each condition (t i and t d ). Even if g s did not reach a plateau within the given timeframe, the model was able to predict the final asymptotic response and therefore the time constant (t i and t d ). This equation was adjusted on response curves of each treatment at different times of the day using a nonlinear mixed effect model. Parameter G, g 0 and S l were assumed to vary at individual level (random effects) and twas assumed to vary only at treatment level (fixed effect). R and the nlme package were used to perform the analysis. On each parameter, a one-way ANOVA with light treatment as factor was applied with a Tukey's posthoc test for comparing group means. Confidence intervals at 95% were reported at the treatment level.
Modeling Rapidity of the Net CO 2 Assimilation Response
The rapidity of the photosynthesis response following a step change in light intensity was assessed as a function of time (t) using an updated version of Equation 5:
A t ¼ ðA s þ S l tÞ þ ðA 0 2 ðA s þ S l tÞÞe 2 t=t ð6Þ where A t is the net CO 2 assimilation (A) at time t, A s is the plateau of A reached in steady state, S l is the slope of the slow linear increase of A, A 0 the initial value of A, andtthe time constant to reach 63% of A s . This equation was adjusted on response curves using the same method described above for g s .
Including Variation in Diurnal Stomatal Behavior in the Ball-Berry Model for Predicting g s An addition was made to the original Ball-Berry model (Ball et al., 1987) to take into consideration the time of the day (t) effect on g s : 
where g 0 is the minimal conductance or intercept, g 1 the slope of the relationship between g s and the Ball index (AH s /C s ), g 2 the amplitude of the Gaussian function, T m the time to reach the peak of the Gaussian, T s a parameter related to the width of the peak, and A the net CO 2 assimilation. The conditions imposed at the surface of the leaf are represented by H s , the relative humidity, and C s , the CO 2 concentration in the chamber. Using R and the nls function, two versions (with and without the third term in Equation 6) were adjusted on an independent dataset described previously in VialetChabrand et al. (2017b) . The fluctuating light regime and different light intensities applied on plants grown in different conditions give a large range of variation to test the performance of the Ball-Berry model against our modified version.
The difference between observation (Obs.) and predictions (Mod.) of both models were assessed using the root mean square error (rmse): 
where n represents the number of recorded data.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Temporal response of g s , A, and W i to a step increase in light intensity (from 100 to 1,000 mmol m 22 s 21 ) at different times of the day for the three low-light treatments.
Supplemental Figure S2 . Temporal response of g s to a step decrease in light intensity (from 1,000 to 100 mmol m 22 s 21 ) at different times of the day for all six light treatments.
Supplemental Figure S3 . Time constants for t i , t d , and the light saturated rate of carbon assimilation (t ai ) following a step change in light intensity at different times of the day for the three low-light treatments.
Supplemental Figure S4 . First 5 d of the simulated SN High , highlighting the random fluctuations in light intensity unique to each day.
